Epitaxial Cu(In, Ga)Se 2 ͑CIGS͒ films were grown on ͑110͒-oriented GaAs substrates using a hybrid sputtering and evaporation process. The morphological and structural properties were determined by scanning electron microscopy, atomic force microscopy, x-ray diffraction, and electron backscatter diffraction. Pronounced faceting was observed on the surfaces of the films and Ga diffusion was observed at higher growth temperatures from the substrates into the films. The ͑220͒/͑204͒ surface of CIGS was found to be unstable under the growth conditions. The resulting surface consists entirely of ͕112͖ type facets with no observable ͑220͒/͑204͒-oriented surfaces. The epitaxial temperature for the ͑220͒/͑204͒ layers is considerably lower than that on any other surface tested and is attributed to the reduced diffusion distance required for adatoms to reach growth sites. The surface is proposed to grow by rapid nucleation and gradual growth of Se terminated steps across Se terminated surface terraces. This causes the Se-terminated terraces to be rough and leaves the metal-terminated terraces, on which nucleation is slow, relatively smooth.
I. INTRODUCTION
The Cu(In, Ga)Se 2 ͑CIGS͒ absorber layer in a recent record-efficiency CIGS solar cell 1 has a ͑220͒/͑204͒ preferred orientation, 2 while most of the polycrystalline CIGS films reported tend to grow with a preferred ͑112͒ texture. [3] [4] [5] [6] Although many explanations for the exceptional device performance are possible, the effect of the ͑220͒/͑204͒ orientation on the resulting CIGS material properties is not clear. Hence epitaxial growth and characterization of CIGS in the ͑220͒/͑204͒ orientation is of great interest for developing an improved understanding of basic CIGS material properties.
So far most CIGS epitaxial layers have been grown on ͑001͒ and ͑111͒ substrates. Few papers have reported on the epitaxial growth of chalcopyrite semiconductors on ͑110͒ substrates. [7] [8] [9] [10] CuInSe 2 has been grown by flash evaporation 7 on GaAs͑110͒. Igarashi used the halogen transport method to grow CuInSe 2 on ͑110͒ GaAs and GaP 8 and CuGaS 2 on ͑110͒ GaAs. 9 CuAlSe 2 was grown by low-pressure metalorganic chemical vapor deposition on GaAs͑110͒. 10 Most of these studies are about epitaxial relationships. No detailed description of the crystallinity or morphology of the CIGS films grown on ͑110͒ substrates or their optoelectronic properties have been reported. In this article we focus on the growth of Cu(In 1Ϫx Ga x )Se 2 films with compositions near stoichiometry and slightly Cu-poor, i.e., in the narrow composition range where single-phase chalcopyrite exists ͑24%-24.5% Cu for CuInSe 2 at room temperature, 11 the single phase range extends towards Cu-poor compositions with CuGaSe 2 alloying 12 ͒. For the purpose of a comparison between CIGS epitaxial layers with a ͑220͒/͑204͒ orientation and the more commonly used ͑001͒ and ͑112͒ orientations, we have grown CIGS with ͑001͒, ͑220͒/͑204͒, and ͑112͒ orientations on GaAs substrates using a hybrid sputtering and evaporation process. We report here a study of the dependence of the surface morphology and crystal quality on growth conditions. Films on GaAs͑110͒ substrates were found to have completely faceted surfaces with no ͑220͒/ ͑204͒ surface planes observable. Ga diffusion from the substrate was observed at higher temperatures. To explain these behaviors we propose a growth model based on rapid nucleation and subsequent growth on Se-terminated surface facets.
II. EXPERIMENT
Epitaxial CIGS films were deposited using a hybrid sputtering and evaporation technique. This technique and the experimental apparatus have been described in detail elsewhere. 13 Commercially supplied ''epi-ready'' liquidencapsulated Czochralski grown ͑110͒, ͑001͒, and ͑111͒B GaAs wafers were used as substrates. The substrates were introduced into the chamber without chemical treatments. Prior to growth, the native oxide on the GaAs was removed by annealing at ϳ610°C for 10 min without As exposure. The In, Ga, and Cu fluxes were generated by magnetron sputtering of In and Cu-Ga alloy ͑Cu 0.72 Ga 0.28 and Cu 0.8 Ga 0.2 ͒ targets in 99.9999% pure Ar at 0.3 Pa. Se was supplied in excess from an effusion cell. The substrate temperature was measured using a thermocouple, calibrated with optical pyrometry. Growth temperatures ranged from 520 to 720°C. Typical growth rates were 1.0 m/h and the thicknesses of grown layers ranged from 0.1 to 1.5 m. After deposition, samples were allowed to cool slowly to 400°C in 20-40 min under a reduced Se flux. The slow cooling rate was necessary to reduce film-substrate interface decohesion and film cracking; the Se ambient was necessary to suppress the thermal decomposition of the films.
Film morphologies were studied in a Hitachi S4700 scanning electron microscope ͑SEM͒ and a Multimode atomic force microscope ͑AFM͒ in tapping mode using sili- con probes. The thicknesses of the layers were measured directly from the cross-sectional SEM images of cleaved samples. The average compositions of the layers were measured by energy dispersive x-ray spectroscopy ͑EDS͒ in the SEM, calibrated using a polycrystalline CIGS standard obtained from the National Renewable Energy Laboratory. A 20 kV accelerating voltage was used in EDS. For films thicker than 650 nm, no As signals from the substrate were detected. Elemental depth profiles were measured with a Cameca IMS-5f secondary ion mass spectrometer ͑SIMS͒ and a PE1600 Auger electron spectrometer ͑AES͒. The structure, orientation, and quality of the deposited layers were characterized by electron backscatter diffraction ͑EBSD͒ and x-ray diffraction ͑XRD͒. Electron backscatter diffraction patterns ͑EBSP͒ were collected for both the deposited layers and the underlying substrates ͑two narrow stripes on each substrate were masked for this purpose͒ on a Zeiss DSM 960 SEM. XRD measurements were performed using Cu K␣ 1 radiation on a Philips X'Pert Materials Research diffractometer using triple-axis high resolution optics with a four-reflection ͑220͒ Ge asymmetric monochromator and a Ge analyzer crystal.
III. RESULTS AND DISCUSSION

A. Epitaxial growth of CIGS on GaAs"110…
Layers with a range of compositions were obtained by varying the flux ratio of Cu-Ga relative to In and by changing the Cu-to-Ga ratio in the Cu-Ga target. Cu contents were adjusted by controlling the In target current ͑and hence flux͒ relative to the Cu-Ga target current. The mole ratios of the group I element to the group III elements ͓͓Cu͔/(͓In͔ ϩ͓Ga͔)͔ in the films ranged from 0.82 to 0.93. The films were near stoichiometry with ⌬sϭ͕2͓Se͔/͓͓Cu͔ϩ3(͓In͔ ϩ͓Ga͔)͔͖Ϫ1 smaller than 0.06 but always positive ͑excess Se͒. These are also the compositions used for absorber layers of high-efficiency solar cells. While the Cu-Ga alloy targets sputter congruently, we note that the Ga/Cu ratios of the films were less than those of the targets, indicating a nonunity Ga incorporation coefficient of 0.5-0.7. Similar In loss exists as well. Our earlier work 13 studied the dependence of In incorporation on the growth temperatures and Se overpressures, and attributed the mechanism of In loss to In 2 Se desorption from the film surface during growth. This should apply to Ga as well.
Epitaxy was demonstrated by EBSD. Different epitaxial temperatures were found for substrates of different orientations: 540°C for ͑110͒, 640°C for ͑001͒, and 700°C for ͑111͒B. Below these temperatures, the layers were polycrystalline. For epitaxial layers on GaAs͑001͒ and ͑110͒ substrates, self-consistent electron backscatter patterns were collected across the whole sample area and all observed Kikuchi bands matched perfectly with those from the respective GaAs substrates, indicating that epitaxial layers were obtained. For layers on GaAs͑111͒B, two alternating sets of patterns were obtained: one matching those of the substrate, the other corresponding to twins 14 that rotated the crystal lattice Ϯ60°or 180°about the substrate normal. In our case, about half of the surveyed areas showed rotated backscatter patterns. The typical domain size is 2-4 m. The patterns we obtained from all epitaxial layers were also noticeably more diffuse than those from the GaAs substrates and fewer Kikuchi bands were resolved, indicating some imperfections in the crystalline quality. Most films grown under Cu-poor conditions are known to have a high density of stacking faults and twins. 15, 16 Antiphase domains and multiple orientation domains 17 on the metal sublattice likely exist in the films as well.
The tetragonal chalcopyrite structure of CIGS is closely related to the sphalerite structure of the substrate. A CuInSe 2 unit cell can be derived from two cubic unit cells of ZnSe by orderly substitution of the Zn atoms with Cu and In atoms. The resulting unit cell does not have a height ͑c͒ of twice the base dimension ͑a͒ because Cu-Se and In-Se bonds have different lengths. However, because the Ga-Se bond length differs from that of In-Se, the lattice constants are functions of the Ga content in the group III elements, xϭ͓Ga͔/(͓In͔ ϩ͓Ga͔). Figure 1 shows that the tetragonal distortions change from c/aϾ2 for xϭ0 to c/aϽ2 for xϭ1. It is clear that when the CIGS is grown epitaxially on sphalerite substrates multiple orientations are possible depending on the alignment of the c axis with respect to the substrate. ͑For a discussion of the detailed geometry see Ref. 7 .͒ Generally, the preferred orientation is such that the strain energy due to lattice mismatch is minimized, 7 although exceptions 8,17,18 exist. Growth kinetics and surface energy variations were proposed 17 as possible causes of the exceptions. For our CIGS layers, c/aϷ2, thus the difference in strain energy due to orientation variation is minimal and multiple orientations most likely coexist in the layers.
XRD spectra show only substrate and CIGS peaks. No extra peaks from polycrystalline grains or minority second phases were observed. Figure 2 shows the /2 spectra of two CIGS/GaAs͑110͒ epitaxial layers grown under different conditions. Sample ͑a͒ CuIn 0.73 Ga 0.37 Se 2.18 ͑average composition measured by EDS͒ was grown at 680°C with the Cu 0.72 Ga 0.28 target. Sample ͑b͒ CuIn 0.94 Ga 0.18 Se 2.27 was grown at 540°C with the Cu 0.8 Ga 0.2 target.
Since both lattice constants a and c are functions of the Ga content, the positions and shapes of the XRD peaks were strongly influenced by Ga diffusion from the substrate. Samples grown at the lowest temperatures ͑ϳ540°C͒ show well-defined symmetric peaks. On the other hand, samples grown at higher temperatures ͑Ͼ640°C͒ have broader ͑220͒/ ͑204͒ XRD peaks extended toward the GaAs͑220͒ peak, indicating a change of Ga content through the depth of the films. SIMS analysis of the ͑220͒/͑204͒-oriented films showed that little interdiffusion occurred at low temperatures ͑ϳ540°C͒ but increased at higher temperatures ͑Figure 3͒. For sample ͑b͒ grown at 680°C, the Ga content x rises from ϳ0.27 near the surface to ϳ0.43 near the CIGS/GaAs interface, while ͓Cu͔, ͓Ga͔ϩ͓In͔, and ͓Se͔ remain approximately constant throughout the film. Similar Ga diffusion results were obtained for other orientations, although lower deposition temperatures were not possible due to the higher epitaxial temperatures.
Since we know the Ga content of the film from the EDS, the XRD peak position, and the SIMS analysis, we can estimate the relative positions of the ͑220͒ and ͑204͒ peaks. For sample ͑a͒ deposited at 540°C, the best fit to the CIGS peak suggests the presence of both ͑220͒ and ͑204͒ reflections, although the data does not permit reliable relative intensity determinations.
The full width at half maximum ͑FWHM͒ of the CIGS͑220͒/͑204͒ peaks were 0.10°and 0.12°for samples ͑a͒ and ͑b͒, respectively. Using Scherrer's formula, the sizes of the coherent scattering volumes are estimated to be 90 and 75 nm, respectively. These values are comparable to those of the ͑001͒ oriented films 19, 20 grown by molecular beam epitaxy and metalorganic vapor phase epitaxy. Rocking curve peak FWHM values from 0.41°to 0.51°were found for the CIGS/GaAs͑110͒ layers. This is larger than typical values of ϳ0.3°for our epitaxial CIGS on ͑111͒B, indicating a larger range of tilt angles between domains in the crystal structure and thus presumably more dislocations.
A significant lattice mismatch exists between the CIGS and the GaAs. In our study the mismatch ranges from 1.2% to 1.7%, depending on the Ga content. It is apparent from the XRD data that the strain between the epitaxial layers and the substrate is fully relaxed during the growth. However, the films suffer tensile thermal stresses during the postgrowth cooling because the thermal expansion coefficient of the CIGS is larger than that of the substrate (␣ CIS ϭ11.0 ϫ10 Ϫ6 K Ϫ1 , ␣ GaAs ϭ6.96ϫ10 Ϫ6 K Ϫ1 ). This stress might be partially relaxed in the slow cooling process. However, continuous long cracks along ͓001͔ sub directions were often observed in thicker layers ͑Ͼ700 nm͒ grown at higher temperatures ͑Ͼ650°C͒. The cracking for films grown on ͑110͒ GaAs is much more common than on other orientations, presumably because of either the asymmetry of the ͑220͒/͑204͒ surface or because of higher resolved stress on the fracture planes. Figure 4 shows the surface morphologies of two epitaxial films grown at ͑a͒ 690 and ͑b͒ 545°C. Immediately striking is that the surface is rough with regularly oriented facets and no ͑220͒/͑204͒ planes observable. Apparently, the scale of the surface morphology depends strongly on the growth temperature. Sample ͑a͒ exhibits large, extended, and welldefined facets in contrast to the much smaller features on sample ͑b͒. However, close inspection reveals that all films share two major facet types parallel to ͓1 10͔ sub directions and oblique with respect to the substrate normal ͓110͔ sub ͑the ''sub'' subscript indicates that the plane and direction indices are based on the sphalerite substrate notation rather than the tetragonal chalcopyrite indexing͒. One set of planes tilts toward ͓001͔ sub and the other tilts toward ͓001 ͔ sub . We will call these planes types A and B, respectively. Features on film ͑a͒ show well-defined crystallographic orientations. Type A facets are atomically flat (111) sub -oriented planes extended in the ͓1 10͔ sub direction, having widths in the ͓001͔ sub directions from ϳ10 to ϳ400 nm. Type A facets are terminated at all edges by type B facets. Type B facets are heavily stepped, consisting of (111 ) sub -oriented faces and ͓011͔ sub -and ͓101͔ sub -oriented steps. In transition regions where different facets meet, the step height and density increases sharply and in many cases small vertical (1 11) suband (11 1) sub -oriented facets exist.
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B. Surface morphology of CIGS"220…Õ"204…
Low growth temperature films exhibit two types of facets with similar characteristics but smaller faces. Type B facets are relatively wide ͑ϳ90 nm in the ͓001͔ sub direction͒ with curved contours and angles of 15°-25°with respect to the substrate. Steps and small vertical facets were also observable. Type A facets are especially small and discontinuous in the ͓1 10͔ sub direction. It is difficult to measure their inclinations accurately, our estimations give angles in the 30°-35°range. It appears that type A facets form when triangular-shaped type B facets ͑see the insert in the SEM image͒ coalesce with each other. Longer facets form when coalescence happens in the ͓1 10͔ sub direction; rounded tops form when coalescence happens in ͓001͔ sub direction. The major effect of increased growth temperature seems to be on the facet size and angle ͑i.e., surface step density͒.
The surface morphologies indicate that the films grow in a special three-dimensional fashion with oblique facets as the growth fronts. These facets apparently have much lower surface energies compared with the ͑220͒/͑204͒ surfaces. It is hypothesized that growth on the surface of type B facets is much faster than growth on type A facets and that the films grow through nucleation of new layers on top of the type B facets. This accounts for the relative tilt angles and the sizes of the two types of facet. At elevated temperatures the facets coalesce as a result of the higher mobility of surface species. Type A facets grow in a layer-by-layer mode, while type B facets grow in a multilayer mode. Since both types of facets have the same incoming atomic flux, these phenomena imply that the incorporation probabilities of incoming species are different on type A facets and type B facets; moreover, it is likely that adatoms are transfered from type A facets to type B facets through diffusion. At high growth temperatures, both types of facets clearly have ͕112͖ surfaces, thus these differences must lie in their different chemistry.
Type A and type B facet surfaces are polar surfaces. The (111) sub and (111 ) sub facet orientations are CIGS ͕112͖ planes of opposite polarity. The ͕112͖ surfaces of chalcopyrite CIGS are polar with one type terminated by metal atoms ͑Cu, Ga, and In atoms͒ while the other by Se atoms. Absolute polarity identification is possible by special diffraction techniques, among which the x-ray anomalous dispersion method and Kossel experiments are most widely used ͑see Ref. 22 for a review͒. In practice, calibrated chemical etching is more convenient and frequently used instead. Unfortunately, in the case of Cu(In, Ga)Se 2 , no report about the preferential etching properties is available. Because the bonding at the epitaxial growth interface is presumably Ga to Se or As to Cu, Ga, or In, the epitaxial layer should maintain the polar orientation of the substrate. Thus the polarity of the surface can be deduced from that of the substrate. It has been established that ͑111͒A is the slowest etching direction in GaAs ͑Ref. 23͒ under certain etchants. Therefore the polar orientation can be readily determined by examining the preferential etching profiles with an optical microscope. 24 Performing such an etch on the GaAs substrates, the orientation of the CIGS was inferred. The results obtained here show that type A facets have a ͕112͖ Me surface and type B facets have a ͕112͖ Se surface. Consequently, the small vertical facets observed on type B surfaces are determined to be Se terminated as well. Similar facet formation is also characteristic of GaAs homoepitaxy and ZnSe heteroepitaxy on GaAs ͑110͒ substrates under certain conditions. 25, 26 In the case of homoepitaxy on GaAs ͑110͒, Allen and coworkers 25 attribute the facet formation to the difference between the sticking probability of As species on ͑111͒A and ͑111͒B surfaces. Holmes et al., 27 through scanning tunneling microscopy, observed triangular-shaped islands with apexes pointing along the ͓001͔ direction at submonolayer coverages. The base of the isosceles triangles was determined to be the nucleation site and assigned as As-terminated. They suggest that arsenic species are more likely to be incorporated into the Asterminated steps. We note that these steps can be regarded as miniature ͑111͒B facets. Similarly, in the case of ZnSe/ GaAs͑110͒, the growth direction was determined to be ͗111͘B. 26 By analogy we could consider the interaction between Se species and an unreconstructed CIGS surface: the incorporation of Se into a ͕112͖ Se surface is most favorable since each Se atom is bonded with three metal atoms, while Se atoms can only bond with one metal atom on ͕112͖ Me surfaces and are therefore prone to desorption.
The significantly lower epitaxial temperature on GaAs͑110͒ compared to other orientations can be related to the distinctively faceted surface. The process of epitaxy requires accommodation of each type of atom at its proper location on the lattice by insertion into surface steps. The CIGS/GaAs͑110͒ surfaces have a high density of steps with their terrace length limited by the facet size. Thus any type of adatom should be straightforward to accommodate with relatively short diffusion distances.
C. Implications of the stable polarˆ112‰ surfaces
The faceting indicates that the polar ͕112͖ surfaces have much lower energies than the nonpolar ͑220͒/͑204͒ surfaces. This is significant since certain surface reconstructions are required to eliminate the surface charges and reduce the dipole energies on these polar surfaces. Zhang and Wei 28 recently calculated several possible structures of CuInSe 2 ͑112͒Me and ͑112͒Se surfaces and showed that they are stabilized by the introduction of point defects ͑for Cu-poor compositions, most likely cation vacancies V Cu and cation antisites In Cu ͒. We note that the existence of these point defects would significantly change the surface stoichiometry from the bulk composition. Indeed, composition deviations at the surface of polycrystalline CIGS films had been observed by photoelectron spectroscopy experiments. 29 Thus surface reconstructions could provide the driving force for the segregation or depletion of surface atoms.
The reconstructions of polar ͕112͖ surfaces have important implications for solar cell devices. These surface defects coupled with CdS overlayer could lead to surface inversion through burying of donor defects Cd Cu or In Cu at the interface. Thus the heterojunction properties are closely related with the surface orientation of the absorber layers. The spontaneous large angle faceting of the surface of ͑220͒/͑204͒ oriented epitaxial CIGS films to ͕112͖ planes suggests that the ͑220͒/͑204͒ textured polycrystalline films 2 possibly also have ͑112͒ surfaces. Moreover, since the typical polycrystalline films used for devices often have a ͑112͒ texture, their surfaces are most likely dominated by one type of ͑112͒. It is yet to be determined which one, ͑112͒Se or ͑112͒Me, is the dominant surface. This study shows large differences in the growth kinetics on these two surfaces. Presumably, their physical and electronic structures are different as well. This could further lead to different CdS/CIGS heterojunction properties and device performances.
IV. CONCLUSIONS
We have successfully grown single crystalline Cu(In, Ga)Se 2 layers on GaAs͑110͒ substrates. Our model epitaxial growth systems provide an important method for fundamental study of CIGS growth phenomena at the atomic scale. Pronounced faceting was observed on the surfaces of the films. The epitaxial temperature for the ͑220͒/͑204͒-oriented layers is considerably lower than that on any other surface tested and is attributed to the higher facet density and consequently to shorter diffusion distances required for epitaxy. The film is proposed to grow through nucleation on Se-terminated surface facets, causing these facets to be rough and leaving the metal-terminated facets relatively smooth.
The spontaneous faceting of nonpolar ͑220͒/͑204͒ surfaces indicates that the polar ͕112͖ surfaces have much lower energies. The low surface energies must be accompanied by surface reconstructions. Results show how type inversion at the heterojunction interface can be caused by the surface defects introduced during reconstructions. Thus the device performance should be connected with the surface orientation of the absorber layer. The most important CIGS surfaces for the current polycrystalline devices are ͕112͖ and the absorber surfaces are most likely dominated by one type of ͕112͖. The exact polarity is unknown at this time, although it could be important for devices. A better understanding of the properties of ͑112͒Me and ͑112͒Se surfaces, and consequently, their interactions with CdS layer are required. Currently, the growth and characterization of CIGS/GaAs͑111͒A and CIGS/GaAs͑111͒B films are under way in our laboratory.
